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SUMMARY 

The formation of branching and anastomosing vascular structures has been demonstrated within the stromal 
layers of human long-term bone marrow cultures (LTBMCs). Such organized vascular structures have not been 
described previously and may be of functional importance, as adherent granulocyle-predominant haemopoietie foci 
were more numerous in their interstices and margins than elsewhere in the stromal layers. Mature granulocytes were 
seen within vascular lumina in a few instances, possibly indicating an attempt to recapitulate the normal process of 
egress of neutrophils from bone marrow into the circulation, lmmunostaining showed that the vascular structures 
expressed CD31, CD34, and CD105 (endoglin), which were not expressed by stromal fibroblastic cells. Collagen IV 
and laminin, expressed throughout the stroma, were present in increased amounts where vascular arrays were seen. 
In contrast, von Willebrand factor (VWF) and vascular cell adhesion molecule- 1 (VCAM-1) were expressed equally 
by the vascular arrays and by stromal fibroblastic cells. Neither the arrays nor the general stroma expressed 
intercellular adhesion molecule- 1 (ICAM-1). ICAM-2. ICAMo. or endothelial leukoevtc adhesion moleculc-l 
(ELAM-1). 

key words — human long-term bone marrow culture: immunohistochemistry; stroma; endothelium; CD31; CD34; 
CD 105; granulopoiesis 



INTRODUCTION 

Long-term culture of bone marrow cells pro- 
vides a variety of experimental models for the 
study of aspects of haemopoiesis. Using such 
models, it has been possible to investigate the roles 
of stromal cells, extracellular matrix, and growth 
factors in the proliferation and differentiation of 
haemopoietie progenitor cells. 1 3 Long-term bone 
marrow cultures (LTBMCs), however, are essen- 
tially two-dimensional and it is unclear to what 
extent they are able to reflect the complex spatial 
organization of haemopoiesis which is found 
in vivo. 

In human bone marrow, granulopoiesis is 
organized radially around the margins of trabecu- 
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lae and larger blood vessels. 4,3 Erythropoiesis 
and megakaryocyte maturation occur more cen- 
trally within intertrabecular spaces. Monopoiesis 
appears to occur in a dispersed fashion throughout 
such spaces, 6 despite origin from a precursor cell 
shared with the granulocyte series. Little is known 
about the spatial organization of stages of lym- 
phopoiesis presumed to take place within human 
bone marrow. 

The formation of discrete haemopoietie foci 
within confluent stromal layers in LTBMCs is 
believed to reflect the existence of microenviron- 
mental niches in which growth factors, bound 
to extracellular matrix components, are made 
available to multipotential stem cells. 7 ' 8 Specific 
adhesive interactions with stromal cells and/or 
extracellular matrix are also required for the pro- 
liferation and differentiation of haemopoietie cells. 
For instance, developing granulocyte precursors 
adhere to a bone marrow matrix protein called 
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Table I — Antibodies used for immunostaining in this study, with sources and antigenic specificities 
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A nt if*pn 

I J 1 1 £*V i 1 


A nt i hnHv 


Sou rce 


a-Smooth muscle actin 


Ami-flSMA 


Sigma* 


CD3I 


JC70a 


K. Gatter. Radcli ffe Infirmary. Oxford 


CD34 


QBEndlO 


Novocastra Laboratories* 


CD44 


BRIC 128 


D. Anstee. International Blood Group Reference 
Laboratory. Bristol 


Collagen type IV 


Anii-collacen IV 


Dako* 


ELAM-1 (CD62e) 


CBL180 


Cymbus Bioscience* 


Endoglin (CD105) 


CBL4IS 


Cymbus Bioscience* 


ICAM-1 (CD54) 


CBL450 


Cymbus Bioscience* 


ICAM-2 (CD102) 


Anii-ICAM-2 


Bender Med systems* 


1CAM-3 


KS/2S 


K. Gaiter. Radclilfe Infirmary. Oxford 


Laminin 


Anti-laminin 


Sigma* 


Low-aftinity nerve growth 


ME20.4 


Amersham* 


factor receptor (NGFR) 






MHC class II 


WRI8 


Wessex Regional Immunology Service. 
Southampton 


VCAM-1 (CDI06) 


14C3 


D. Haskard. ICRF. St. Bartholomew's Hospital. 
London 


Von Willebrand factor 


Anti-Factor VIII-RAg 


Dako* 



* Commercial source. 

foci were also counted and assessed in an equal 
area of stroma distant from any vascular array in 
each LTBMC studied. The two-tailed Student's 
/-test was then used to assess the statistical signifi- 
cance of differences between the proportion of foci 
showing either predominantly granulocytic or pre- 
dominantly monocytic differentiation in the vicin- 
ity of, and at a distance from, vascular structures. 



RESULTS 

Immunostaining for CD31. CD34. and CD 105 
(endoglin) revealed the presence of arborizing 
linear structures within the adherent cell layers of 
human LTBMCs (Fig. 1). In 2-week cultures, 
single elongated or stellate cells expressing these 
antigens were present (Fig. 2). which we in- 
terpreted as precursors of the structures seen 
in longer established cultures. From 4 weeks 
onwards, progressively more numerous and more 
complex branching arrays of such ceils were found. 

The branching structures were also highlighted 
in cultures immunostained for collagen IV and 
laminin, although these antigens were present else- 
where in the stroma at a lower-level of expression 
(Fig. 3). Cells within the arrays also expressed 
VWF and VCAM-1 moderately strongly, and 



MHC class II and CD44 weakly. They were not 
well delineated by demonstration of these antigens, 
however, as spindle-shaped and polygonal fibro- 
blastic cells throughout the stroma, categorized as 
such by their morphology and immunostaining for 
several collagen subtypes." showed expression at 
similar levels of intensity. The general stroma and 
the arrays lacked expression of ICAM-1. ICAM-2. * 
ICAM-3. and ELAM-1. A sub-population of 
large, polygonal fibroblastic cells in the stroma 
expressed ^/-smooth muscle actin (ASMA) with a 
pronounced 'stress-fibre* pattern of immuno- 
staining, and another population, with a highly 
dendritic cell morphology, expressed low-affinity 
nerve growth factor receptor (NGFR). 11 Neither 
of these cell types, however, showed any preferen- 
tial association with the branching arrays and the 
cells actually forming the arrays lacked expression 
of both ASMA and NGFR. 

We interpreted these branching structures as 
representing attempts at blood vessel forma- 
tion within LTBMCs. Observation of CD34- 
immunostained human LTBMCs by transmission 
laser microscopy with stereoscopic three- 
dimensional reconstruction of the image showed 
that branches of the arrays had a cord-like 
structure (see Fig. ID). That they could become 
canalized was indicated by the occasional finding 
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Fig. 3 — Increased expression ot" collagen IV by vascular struc- 
tures relative to expression within the general background 
stroma 




Fig. 4 — Mature neutrophil polymorphs appearing to occupy an 
intraluminal position within a Cl)34-posilive \ascular branch 

the sl ro in a. Monocyle-predominant foci showed 
no preferential association with these arrays. This 
was confirmed by quantitative analysis of 30 
arrays from ten LTBMCs (Table il). Significantly 
more granulocyte-rich than monocyte-rich haemo- 
poietic foci were found in the vicinity of arrays. 

DISCUSSION 

There has been no previous description of 
organized vascular structures within the stromal 
layers of human LTBMCs. Although some anti- 
gens known to be expressed by endothelial cells 
(VWF, VCAM-1 and CD44) were expressed by 
most stromal fibroblastic cells in addition to cells 
forming arrays in our cultures, these molecules 
were not present in geater concentration within the 
arrays and thus did not aid in their visualization. 
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Fig. 5 — Haemopoietic focus in the immediate vicinity of a 
CD34-posiii\e vascular branch. High -power view to demon- 
strate dilVeremiating granulocytes within the cluster of cells. 
Metamyelocytes of various sizes and degrees of nuclear folding, 
representing different degrees of maturation, are seen in addi- 
tion to mature neutrophil polymorphs with segmented nuclei 



CD3I, CD34 and CD 105. however, were preferen- 
tially expressed by cells within arrays and revealed 
their distinctive morphology. Their pattern of 
arborizing and anastomosing multicellular cords is 
reminiscent of that seen in endothelial cultures 
grown in the presence of a supportive basement 
membrane gel. 13 Enhanced expression of collagen 
IV and laminin by the arrays is in keeping with the 
production of basement membrane by endothelial 
cells within them. Observation of intraluminal 
neutrophils in occasional cultures provides further 
evidence of the vascular nature of the arrays and 
indicates that they can become canalized. 

The presence of branching vascular networks 
within the stroma of our human LTBMCs may 
be functionally relevant to the organization of 
haemopoiesis and, in particular, to the localization 
of granulopoiesis. Although we have found no 
evidence of adhesive ligands expressed reciprocally 
by granulocytes and these vascular structures, 11 
haemopoietic foci with predominantly granulo- 
cytic maturation were seen in association with the 
arrays with a higher frequency than elsewhere in 
the stroma. This was not an exclusive association, 
as some granulocyte-predominant foci were found 
at sites distant from vascular arrays. Monocyte- 
predominant foci did not show a spatial associa- 
tion with these structures. 

An alternative explanation for the association of 
clusters of granulocytic cells with vascular struc- 
tures in human LTBMCs might be thai they are 
not true haemopoietic foci, but that they represent 
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smooth muscle in their walis, although it has been 
postulated' 6 * 17 that ASMA expression by stromal 
fibroblastic cells in human LTBMCs represents 
vascular smooth muscle differentiation. The vascu- 
lar arrays also fail to express NGFR. an antigen 
present in perivascular cells around arterioles and 
venules within intact human bone marrow.' ^ It is 
possible that the presence of distinctive polygonal 
ASMA-positive cells and dendritic NGFR-positive 
cells throughout the general stroma of human 
LTBMCs represents growth of vascular smooth 
muscle and pericylic cells which, under the culture 
conditions employed, are unable to organize with 
endothelia cells into three-dimensional structures. 
However, we have ifo evidence at present to con- 
firm this suggestion and we found co-expression of 
some endotheiium-associated antigens by stromal 
fibroblastic cells, raising questions as to their true 
nature. 

The morphology of the vascular structures 
grown in our LTBMCs is suggestive of an array of 
capillaries. We hypothesize that the association of 
granulocyte-rich haemopoietic foci with these 
arrays might model some aspect of neutrophil 
egress from the bone marrow, rather than reflect- 
ing constraints regulating earlier stages of granu- 
lopoiesis. Functional studies of these interesting 
structures are now needed to clarify their relation- 
ship to vessel types found in bone marrow /"// vivo 
and to characterize their possible roles in 
haemopoiesis. 
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